T
he number of individuals with type 2 diabetes is increasing as a result of the aging population, urbanization, and physical inactivity. In particular, the marked increase in the worldwide prevalence of obesity is a substantial contributing factor to the increased incidence of diabetes (1) . Over the past decade, obesity research has revealed that adipose tissue is indispensable for appropriate glucose and lipid metabolism as well as energy homeostasis (2) . In addition to its role in energy storage, adipose tissue is an active endocrine organ and secretes a variety of bioactive molecules, known as adipokines, that include leptin, adiponectin, resistin, TNF-␣, IL-6, and monocyte chemoattractant protein-1 (MCP-1). Some adipokines are proinflammatory whereas others are antiinflammatory. Changes in adipokine expression induced by obesity are associated with systemic insulin resistance and reflect chronic inflammation in adipose tissue (3, 4) . These findings suggest that obesity, insulin resistance, and type 2 diabetes are all associated with chronic inflammation characterized by abnormal cytokine production, up-regulation of acute-phase reactants, and activation of a network of inflammatory signaling pathways (5) .
The inflammatory response associated with obesity appears to be triggered by and to be largely restricted to adipose tissue, although other metabolically important organs, in particular the liver, may also be affected during the course of the disease (6) . In both humans and mice, the number of bone marrow-derived macrophages that have infiltrated into adipose tissue correlates with obesity and adipocyte size (7) . Adipose tissue in obese subjects is thus characterized by macrophage infiltration (7, 8) . These macrophages possess the characteristics of M1 or classically activated macrophages (9) and are a substantial source of TNF-␣, IL-6, and MCP-1 in white adipose tissue of obese mice and humans (7, 8) . These observations suggest that macrophage infiltration into adipose tissue is an early contributing event to the development of systemic insulin resistance. The increased expression of MCP-1 in white adipose tissue associated with obesity is thought to play an important role in recruiting monocytes to adipose tissue. Indeed, transgenic mice that overexpress MCP-1 specifically in adipocytes develop adipose tissue inflammation and insulin resistance without obesity (10, 11) . In addition, mice deficient in MCP-1 or its receptor chemokine (C-C motif) receptor 2 (CCR2) manifest a reduced susceptibility to the development of adipose tissue inflammation and insulin resistance when fed a high-fat diet (10, 12) . In vitro studies have also shown that recombinant MCP-1 induces insulin resistance in 3T3-L1 adipocytes and C2C12 myotubules (11, 13) . However, other studies have found that MCP-1-deficient mice exhibit an increased susceptibility to the development of inflammation in white adipose tissue when fed a high-fat diet (14, 15) .
The abundance of MCP-1 mRNA in adipose tissue has been shown to be increased in obese individuals (16) and to correlate with body mass index (17) . The serum concentration of MCP-1 was also found to be higher in patients with type 2 diabetes than in normal subjects (18) . These observations suggest that MCP-1 in adipose tissue or in circulating blood may contribute to the development of insulin resistance in humans. However, the mechanism by which MCP-1 might contribute to insulin resistance has remained unknown. Furthermore, it has not been clear whether macrophage infiltration into adipose tissue is required for the induction of insulin resistance by MCP-1, or whether an increase in the circulating concentration of MCP-1 is sufficient for such induction. To address these questions, we have now examined the effects of an increase in the plasma concentration of MCP-1 resulting from short-term (acute) or long-term (chronic) administration of recombinant MCP-1 in mice. In addition, we examined whether inhibition of MCP-1-CCR2 signaling by administration of a novel CCR2 antagonist in mice might ameliorate insulin resistance irrespective of adipose tissue inflammation.
Materials and Methods

Experimental animals
C57BL/6N mice were obtained from CLEA Japan (Tokyo, Japan), and a high-fat diet (56% of calories from fat) was from Oriental Yeast (Tokyo, Japan). All mice were maintained under a 12-h light, 12-h dark cycle and had access to food and water ad libitum. The experimental protocols were performed with male mice in accordance with the guidelines of the animal ethics committee of Kobe University Graduate School of Medicine.
Acute or chronic administration of recombinant MCP-1
For chronic administration of MCP-1, the recombinant mouse protein (R&D Systems, Minneapolis, MN) was dissolved in PBS containing 0.1% BSA and administered at the rate of 10 ng/h for 14 d via a micro-osmotic pump (Alzet Model 1002; Durect, Cupertino, CA) implanted sc in the back of 11-wk-old mice. Saline was injected at the same rate via the same apparatus in control mice. For acute administration, MCP-1 was injected directly with the use of an infusion pump into a catheter inserted into the internal jugular vein of 13-wk-old mice for hyperinsulinemic-euglycemic clamp analysis. MCP-1 administration was initiated at a rate of 15 ng/h beginning 30 min before the onset of the clamp analysis.
Administration of a CCR2 antagonist
(TEI-K03134), was obtained from Teijin Pharma (Tokyo, Japan) and dissolved in 0.5% lactic acid. Either TEI-K03134 (150 mg/kg of body mass) or vehicle (0.5% lactic acid) was administered by oral gavage twice a day for 21 d to 13-wk-old mice that had been fed a high-fat diet for 8 wk; the mice continued to receive the high-fat diet during treatment.
Measurement of metabolic parameters
The plasma concentrations of insulin and MCP-1 were measured with an insulin assay kit (Morinaga Institute of Biological Science, Yokohama, Japan) and a Quantikine M mouse MCP-1 ELISA kit (R&D Systems), respectively. The nonesterified fatty acid (NEFA) concentration in serum was measured with the use of a NEFA-C test (Wako, Osaka, Japan). Serum adiponectin level was measured with ELISA kits from Otsuka Pharmaceutical (Tokyo, Japan). Lipids were extracted from liver homogenates with isopropanol, and the triacylglycerol (TAG) content was determined with the use of a Triglyceride E test (Wako). Food intake was measured by weighing the food given at the beginning and that remaining at the end of each day for 1 wk.
Hyperinsulinemic-euglycemic clamp analysis
Five to seven days before the clamp, mice were anesthetized with sodium pentobarbital (80 -100 mg/kg, ip) and a catheter was inserted into the right internal jugular vein for infusion. The analysis was performed under nonstressful conditions with conscious mice that had been deprived of food for 4 h. The [3- 3 H]glucose was infused for 2 h at a rate of 0.05 Ci/min before initiation of the clamp, and a blood sample was collected at the end of this period to estimate basal glucose turnover. After a bolus injection of [3- 3 H]glucose (10 Ci; NEN Life Science Products, Boston, MA) and the onset of subsequent continuous infusion of [3- 3 H]glucose (0.1 Ci/min), a hyperinsulinemic-euglycemic clamp was applied for 120 min with continuous infusion of insulin at a rate of 2.5 and 4.0 mU/kg⅐min in the experiment of MCP-1 administration and in that of CCR2 antagonist administration, respectively. Plasma glucose concentration was monitored every 10 min, and 30% glucose was infused at a variable rate to maintain plasma glucose concentration at about 110 mg/dl. Blood samples were collected 80, 90, 100, 110, and 120 min after the onset of the clamp for determination of the plasma concentrations of [3- 3 H]glucose and 3 H 2 O. The rates of glucose disposal and hepatic glucose production (HGP) were calculated as described (19) .
Isolation of total RNA and quantitative RT-PCR analysis
Total RNA was extracted from adipose tissue or liver with the use of TRIzol reagent (Invitrogen, Carlsbad, CA) and was subjected to reverse transcription. The resulting cDNA was subjected to real-time PCR analysis with specific primers and SYBR Green PCR Master reagents (PerkinElmer Life Sciences, Waltham, MA) and with the use of a Sequence Detector (model 7900; PE Applied Biosystems, Foster City, CA). The relative abundance of target mRNAs was calculated with 36B4 mRNA as the invariant control.
Immunohistochemical analysis
Adipose tissue was fixed for 24 -48 h with 10% paraformaldehyde at 4 C, dehydrated, embedded in paraffin, and sectioned at a thickness of 5 m. The sections were mounted on glass slides, depleted of paraffin with xylene, exposed to microwave radiation (500 W for 5 min) in 0.01 mol/liter sodium citrate buffer (pH 6.0), and treated both with a Biotin Blocking System (Dako, Glostrup, Denmark) to block endogenous biotin and avidin binding sites and with PBS containing 20% FBS to block Fc receptors. They were then incubated overnight at 4 C with a mouse monoclonal antibody to Mac3 (M3/84; BD Biosciences, San Jose, CA) at a dilution of 1:100, after which immune complexes were detected with biotinylated secondary antibodies (BD Biosciences), horseradish peroxidase-conjugated streptavidin (Dako), and the peroxidase substrate diaminobenzidine (Dako). The sections were stained with hematoxylin (Muto Pure Chemicals, Tokyo, Japan), after which mounting solution (Matsunami Glass, Kishiwada, Japan) and cover slips were added and the slides were observed with a light microscope.
Flow cytometry
The stromal vascular fraction of mouse epididymal adipose tissue was prepared as described (10) , and red blood cells present in this fraction were lysed with the use of Pharm Lyse (BD Biosciences). The remaining cells were suspended in PBS containing 2 mmol/liter EDTA, exposed to FcBLOCK (BD Biosciences) for 20 min, and then labeled with phycoerythrin-conjugated antibodies to mouse CD11b (M1/70; BD Biosciences) and fluorescein isothiocyanate-conjugated antibodies to mouse CD45 (BD Biosciences). Dead cells were stained with 7-amino-actinomycin D (BD Biosciences), and live cells positive for both CD11b and CD45 (macrophages) were quantitated by flow cytometry with a FACSCalibur analyzer (BD Biosciences) (20) .
Measurement of the effect of the CCR2 antagonist on ligand binding
The 
Statistical analysis
Data are presented as means Ϯ SEM and were analyzed by Student's t test. A P of Ͻ0.05 was considered statistically significant.
Results
Chronic administration of MCP-1 in sc tissue induces insulin resistance
We previously generated transgenic mice in which MCP-1 is overexpressed almost exclusively in adipocytes under the control of the promoter-enhancer of the aP2 gene (10) . The plasma level of MCP-1 in these transgenic mice is similar to that in obese mice (10) . In addition, the transgenic animals manifest systemic insulin resistance together with macrophage infiltration into adipose tissue. To clarify whether increased expression of MCP-1 in adipose tissue or an increase in the plasma concentration of MCP-1 is more important for inducing insulin resistance, we administered recombinant MCP-1 in C57BL/6N mice via an sc implanted osmotic pump. MCP-1 infusion for 14 d resulted in an approximately 2-fold increase in the plasma MCP-1 concentration (to 100.7 pg/ml) compared with that of control mice (Table 1 ). This level of plasma MCP-1 is similar to that observed in obese mice (10) . MCP-1 infusion for 14 d had no effect on body mass, food intake, fasting plasma glucose concentration, or serum adiponectin level (Table 1) . However, it induced a significant increase in the serum NEFA concentration and showed a tendency to increase the plasma insulin level in the fed condition (Table 1) .
We next investigated the effect of chronic MCP-1 administration on insulin sensitivity with the use of hyperinsulinemic-euglycemic clamp analysis. We confirmed that plasma glucose was actually clamped at euglycemic levels and was almost same between control and MCP-1-treated mice during the latter half of hyperinsulinemiceuglycemic clamp period (control mice, 108.8 Ϯ 3.8 mg/ dl; MCP-1-treated mice, 108.4 Ϯ 1.7 mg/dl; P, not significant) (supplemental Fig. S1 , published as supplemental data on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). In this condition, the glucose infusion rate was reduced by 65% in mice treated with MCP-1 compared with that in control mice ( Fig. 1A and supplemental Fig. S2 ). This result implies that MCP-1 infusion induced systemic insulin resistance on the assumption that plasma insulin levels during the clamp period were same between two groups, although we did not measure them actually. HGP during the clamp period was also markedly increased in mice treated with MCP-1, although basal HGP was not altered (Fig. 1A) . Insulin's ability to suppress HGP during clamp was significantly impaired in mice treated with MCP-1 (Fig. 1B) . These results were thus indicative of the presence of hepatic insulin resistance in mice subjected to chronic administration of MCP-1.
Chronic administration of MCP-1 in sc tissue induces macrophage infiltration into adipose tissue
Transgenic mice in which MCP-1 is overexpressed in adipose tissue manifest macrophage infiltration into this tissue (10, 11) . We therefore next investigated the inflammatory status of adipose tissue in mice subjected to chronic subcutaneous infusion of MCP-1. Immunohistochemical analysis with a monoclonal antibody to Mac3 revealed macrophage infiltration in epididymal adipose tissue of mice infused with MCP-1 but not in that of control mice (Fig. 1C) . Quantitative analysis by flow cytometry with antibodies to CD11b and to CD45 confirmed the greater extent of macrophage infiltration into adipose tissue of the MCP-1-treated animals (Fig. 1C) . We also examined the expression of genes whose products are associated with inflammation. Quantitative RT-PCR analysis revealed that the amounts of the mRNAs for F4/80, CD68, and CD11c in epididymal adipose tissue were all increased in mice subjected to chronic administration of MCP-1 compared with those in control mice (Fig. 1D) . These results suggested that an increase in the plasma MCP-1 concentration similar to that observed in obese mice was sufficient to induce macrophage infiltration into adipose tissue, even if the source of the MCP-1 was not adipose tissue.
Chronic administration of MCP-1 in sc tissue induces hepatic steatosis
Transgenic mice overexpressing MCP-1 in adipose tissue develop hepatic steatosis (10) . We found that sc MCP-1 infusion also increased the hepatic TAG content (Fig. 1E) . Expression of the gluconeogenic gene for glucose-6-phosphatase (G6Pase) and the lipogenic gene for sterol regulatory element-binding protein 1c (SREBP1c) in the liver is also increased in adipocyte-specific MCP-1 transgenic mice (10) . Similarly, we found that the hepatic expression of G6Pase and phosphoenolpyruvate carboxykinase genes as well as that of the SREBP1c gene were increased in mice subjected to chronic MCP-1 administration (Fig. 1F) , likely contributing to the increased HGP during the hyperinsulinemic-euglycemic clamp and the increased hepatic TAG content in these animals. Mice subjected to chronic sc infusion of MCP-1 thus show a phenotype that is similar to that of adipocyte-specific MCP-1 transgenic mice (10, 11) and characterized by insulin resistance, adipose tissue inflammation, and hepatic steatosis.
Acute administration of MCP-1 in circulating blood induces insulin resistance without macrophage infiltration into adipose tissue
Chronic MCP-1 administration in sc tissue induced not only insulin resistance but also concomitant macrophage infiltration into adipose tissue. These results therefore did not clarify whether MCP-1 elicited systemic insulin resistance irrespective of adipose tissue inflammation. We thus next subjected mice to short-term administration of MCP-1 to determine the acute effect of MCP-1 on insulin sensitivity. We administered recombinant MCP-1 directly into the internal jugular vein with the use of an infusion pump. At 30 min after the onset of MCP-1 infusion, the mice were subjected to hyperinsulinemic-euglycemic clamp analysis with further continuous infusion of MCP-1. Metabolic parameters were determined during the 2-h basal period and the subsequent 2-h clamp period. At the end of the hyperinsulinemic-euglycemic clamp experiment (4.5 h after the start of MCP-1 infusion), the plasma MCP-1 concentration was approximately 110 pg/ml (Table 2) , which was about twice that in control mice and similar to the value observed in obese mice (10) . The serum NEFA concentration was not affected by acute MCP-1 administration (Table 2) . However, the glucose infusion rate was reduced by 41% in MCP-1-treated mice compared with that in control mice ( Fig. 2A) . HGP during the clamp period was significantly increased in MCP-1-treated mice ( Fig. 2A) . Suppression of basal HGP in response to insulin was also smaller in MCP-1-treated mice (Fig. 2B ). In addition, this effect was accompanied by a significant decrease in the rate of glucose disappearance ( Fig. 2A) . These results were thus indicative of insulin resistance in both skeletal muscle and liver of mice subjected to acute administration of MCP-1.
Immunohistochemical and flow cytometric analyses revealed no difference in macrophage infiltration into adipose tissue between control mice and MCP-1-treated animals after the glucose clamp experiment (Fig. 2C) , suggesting that an increase in the circulating MCP-1 concentration to the level apparent in obese mice is sufficient to induce insulin resistance irrespective of macrophage infiltration into adipose tissue.
A CCR2 antagonist ameliorates insulin resistance in mice with high-fat diet-induced obesity
CCR2 is a major receptor for MCP-1 and regulates monocyte and macrophage chemotaxis and local inflammatory responses (22) . Mice deficient in CCR2 exhibit a reduced number of macrophages and a lower level of inflammation in adipose tissue, a reduced level of hepatic steatosis, and improved systemic glucose homeostasis and insulin sensitivity when fed a high-fat diet compared with control mice (12) . We therefore next examined the effects of TEI-K03134, a novel pharmacological antagonist of CCR2 (Fig. 3A) . We found that the IC 50 and inhibition constant (K i ) values of this compound for inhibition of MCP-1 binding to cells expressing human CCR2 were 8.73 Ϯ 1.27 and 3.37 Ϯ 0.49 nmol/liter, respectively.
Mice fed a high-fat diet for 8 wk were previously shown to manifest increased expression of the genes for MCP-1, CD68, and TNF-␣ in adipose tissue as well as an increased plasma concentration of MCP-1 (23) . Oral administration of TEI-K03134 for 3 wk in mice fed a high-fat diet for 8 wk induced a significant decrease in the fasting plasma glucose level without affecting either body mass, food intake, plasma insulin level in the fed condition, serum NEFA concentration, or serum adiponectin level (Table  3) . Administration of TEI-K03134 for the same period did not affect any of these parameters in mice fed a standard diet (supplemental Table S1 ). Hyperinsulinemic-euglycemic clamp analysis in mice fed a high-fat diet revealed that both the glucose infusion rate and glucose disposal were significantly increased, whereas HGP during the clamp period was significantly decreased, by administration of TEI-K03134 (Fig. 3B) . In fact, suppression of basal HGP by insulin was significantly larger in TEI-K03134-treated mice (Fig. 3C ). This suggests that inhibition of MCP-1-CCR2 signaling ameliorated diet-induced insulin resistance. In addition, we found that administration of TEI-K03134 for 3 wk did not affect macrophage infiltration into adipose tissue of mice fed a high-fat diet (Fig. 3D) , suggesting that inhibition of the MCP-1-CCR2 pathway improves insulin sensitivity irrespective of such macrophage infiltration. This latter finding is consistent with our observation that an acute increase in the circulating level of MCP-1 induced insulin resistance in a manner independent of macrophage infiltration. Furthermore, we inves- tigated the macrophage characters in adipose tissue by analyzing the expressions of M1 (TNF-␣ and IL-6) and M2 (IL-10 and arginase-1) macrophage markers (9) . We found that expressions of TNF-␣, IL-6, and IL-10 were not changed by administration of TEI-K03134, although arginase-1 expression was increased significantly (Fig.  3E ). This may suggest the possibility that inhibition of the MCP-1-CCR2 pathway partly modulated the macrophage characters in adipose tissue of mice fed a highfat diet.
Discussion
The circulating concentration of MCP-1 is increased concomitant with the up-regulation of MCP-1 expression in adipose tissue associated with obesity (7, 8, 10, 13) . The up-regulation of MCP-1 in adipose tissue is thought to result from the generation of reactive oxygen species and endoplasmic reticulum stress induced in adipocytes by the excess intake of nutrients in obesity and is thought to reflect an inflammatory response in this tissue (24 -26) . The increased production of MCP-1 by adipocytes results in the recruitment of macrophages to adipose tissue and consequent enhancement of inflammation as a result of the release of proinflammatory cytokines and down-regulation of adiponectin. These effects are thought to underlie the development of insulin resistance in liver and skeletal muscle. However, it has not been clear whether inflammation in adipose tissue is indispensable for the development of insulin resistance. We have now shown that a chronic increase in the circulating level of MCP-1 in mice similar to that observed in obese animals resulted in the development of systemic insulin resistance together with inflammatory changes in adipose tissue. In contrast, a similar acute increase in the plasma concentration of MCP-1 led to systemic insulin resistance without macrophage infiltration into adipose tissue. Furthermore, inhibition of MCP-1-CCR2 signaling improved insulin resistance in mice fed a high-fat diet without affecting the extent of macrophage accumulation in adipose tissue. Our findings thus indicate that an increase in the concentration of MCP-1 in the circulation is sufficient to induce systemic insulin resistance irrespective of inflammatory changes in adipose tissue. MCP-1 is secreted by a variety of cell types, including mononuclear cells, endothelial cells, fibroblasts, and adipocytes. However, given that MCP-1 expression is increased predominantly in adipose tissue in obese mice (10, 13) , the source of the increased amount of MCP-1 in the circulating blood in obese animals is likely adipose tissue. Our present data now suggest that a chronic increase in the circulating level of MCP-1 induces insulin resistance and adipose tissue inflammation, even if the primary source of the MCP-1 is not adipose tissue. MCP-1 was previously shown to induce insulin resistance directly in 3T3-L1 adipocytes (13), C2C12 myotubules, and isolated skeletal muscle (11) in vitro, suggesting that elevated levels of MCP-1 in the circulation directly induce insulin resistance in insulin target tissues. Indeed, the circulating MCP-1 level was found to correlate with the homeostasis model assessment of insulin resistance but not with body mass index in Japanese individuals with type 2 diabetes (27) . It was also associated with indices of insulin resistance regardless of body adiposity in Italian subjects (28) . These observations suggest that elevated levels of MCP-1 in the circulation induce insulin resistance irrespective of obesity. The precise mechanism by which an increase in the circulating concentration of MCP-1 induces macrophage infiltration into adipose tissue remains unclear. However, MCP-1 activates ERK, c-Jun NH 2 -terminal kinase, and p38 MAPK in endothelial cells (29) . Given that ERK and c-Jun NH 2 -terminal kinase contribute to the inflammatory response by activating the transcription factor activator protein-1, an increase in the circulating level of MCP-1 may up-regulate the expression of adhesion molecules in vascular endothelial cells of adipose tissue (30) , leading to macrophage infiltration into this tissue. Such infiltration of macrophages into adipose tissue specifically may reflect the different expression patterns of adhesion molecules apparent among vascular endothelial cells from different tissues (31) .
With the use of a novel CCR2 antagonist, TEI-K03134, we found that inhibition of MCP-1-CCR2 signaling ameliorated insulin resistance in mice fed a high-fat diet. Al- though inhibition of CCR2 signaling by a CCR2 antagonist was previously shown to improve insulin resistance in mice with diet-induced or genetic obesity (12, 32), we further found that inhibition of macrophage infiltration into adipose tissue was not required for amelioration of insulin resistance by a CCR2 antagonist. Although we are not able to exclude the possibility that administration of TEI-K03134 for a longer period might have reduced the extent of macrophage infiltration into adipose tissue of mice fed a high-fat diet, we found that inhibition of CCR2 signaling was able to ameliorate insulin resistance without such an effect. A CCR2 antagonist was also recently shown to ameliorate insulin resistance and hepatic steatosis in a mouse model of lipoatrophic diabetes (A-ZIP/F-1 transgenic mice), in which the level of MCP-1 in liver and serum is highly increased in spite of adipose tissue loss (33) . These findings together with our present results suggest that an increase in the circulating level of MCP-1 can induce systemic insulin resistance independently of adipose tissue inflammation. In summary, we have found that an increase in the circulating concentration of MCP-1 is sufficient to provoke insulin resistance directly in insulin target tissues in the absence of macrophage infiltration into adipose tissue. In addition, persistent elevation of circulating MCP-1 induces macrophage accumulation and inflammatory changes in adipose tissue, leading to further exacerbation of insulin resistance. Our results indicate that plasma MCP-1 is not merely a marker of systemic inflammation or insulin resistance but an important inducer of insulin resistance and adipose tissue inflammation. They also suggest that CCR2 antagonists might prove beneficial for the treatment of type 2 diabetes and metabolic syndrome.
